Objective-Uremia accelerates formation of atherosclerosis-like lesions in apolipoprotein E-deficient (apoE Ϫ/Ϫ ) mice. In this study, we compared gene expression patterns in classical and uremic atherosclerosis. Methods and Results-High-density oligonucleotide microarray analyses were performed with aortic RNA from 5/6 nephrectomized (NX) and sham-operated mice. After 12 weeks, NX apoE Ϫ/Ϫ mice had more atherosclerosis and 24 genes were differentially expressed as compared with sham apoE Ϫ/Ϫ mice. Nine genes expressed in muscle cells displayed reduced expression (3.3-to 142-fold, PϽ0.05), whereas osteopontin gene expression was increased 8.7-fold (PϽ0.05) in NX mice. Studies of NX wild-type mice suggested that the changes in NX apoE Ϫ/Ϫ mice were dependent on hypercholesterolemia. Nevertheless, lesioned versus nonlesioned areas of aortas from nonuremic apoE Ϫ/Ϫ mice with classical atherosclerosis displayed less pronounced reductions in expression of the muscle cell related genes than seen in NX apoE Ϫ/Ϫ mice even though the osteopontin gene expression was increased Ϸ15-fold. Electron microscopy showed more vacuolized and necrotic smooth muscle cells within the media underneath both nonlesioned and lesioned intima in NX than in sham apoE Ϫ/Ϫ mice. Conclusion-The results suggest that uremic vasculopathy in apoE Ϫ/Ϫ mice, in addition to intimal atherosclerosis, is characterized by a uremia-specific medial smooth muscle cell degeneration, which appears to be accentuated by hypercholesterolemia. (Arterioscler Thromb Vasc Biol. 2006;26:570-575.) 
T he cardiovascular mortality rate is increased Ϸ300-fold in 30-year-old individuals on dialysis compared with individuals without renal disease, 1 and even mild renal failure is an independent risk factor of cardiovascular disease. 2, 3 Although renal dysfunction often is accompanied by dyslipidemia, hypertension, and diabetes, the high prevalence of cardiovascular disease in patients with renal disease cannot be explained by the classical risk factors alone. 4, 5 Thus, renal dysfunction is also associated with nontraditional cardiovascular risk factors, including activation of the renin angiotensin system. 6 Even though renal failure is accompanied by calcification of arteries, 7 it has been controversial whether uremia might accelerate formation of atherosclerosis. Recent experiments from three different groups (including ours) 8 -10 have disclosed that 5/6 nephrectomy (NX) in apolipoprotein E-deficient (apoE Ϫ/Ϫ ) mice accelerates formation of intimal lesions in aorta. NX apoE Ϫ/Ϫ mice develop 6-to 10-times more lesions than sham-operated control mice despite similar blood pressure and plasma homocysteine concentrations, and only minor differences in plasma lipoprotein concentra-tions. 8, 11 The NX mice are also characterized by a low body weight, reduced blood hemoglobin, and increased plasma calcium ϫ phosphate product. 8, 11 Intimal lesions in NX mice are qualitatively similar to those in classical atherosclerosis, ie, with accumulation of macrophage-derived foam cells 8 -10 and cholesteryl esters. 11 In addition, there is pronounced accumulation of nitrotyrosine (a marker of reactive oxygen species-protein interactions) in the uremic lesions, 8, 9 and lesion formation in NX apoE Ϫ/Ϫ mice is preceded by upregulation of intercellular adhesion molecule-1 (ICAM-1) expression and accompanied by upregulation of vascular cell adhesion molecule (VCAM)-1 expression in the arterial wall 11 . Nevertheless, the culprit of uremic atherosclerosis remains to be identified.
In this study we sought to obtain further knowledge on the molecular pathophysiology of vascular changes caused by NX in apoE Ϫ/Ϫ mice by performing gene expression profiling studies of aortas from NX and sham mice. The results revealed that uremic compared with classical atherosclerosis is accompanied by decreased expression of muscle cell genes and accelerated medial smooth muscle cell degeneration in apoE Ϫ/Ϫ mice.
Materials and Methods
Please see http://atvb.ahajournals.org.
Results

Aortic Gene Expression 12 Weeks After 5/6 Nephrectomy
Subtotal 5/6 nephrectomy (NX) of apoE Ϫ/Ϫ mice caused a 103% increase of plasma urea (23.7Ϯ0.6 versus 11.7Ϯ0.3 mmol/L; PϽ0.001) and a 57% increase of plasma creatinine (47Ϯ1 versus 30Ϯ1 mol/L; PϽ0.001). 11 The plasma calcium ϫ phosphate product was 38% higher (7.38Ϯ0.58 versus 5.35Ϯ0.18 mmol/L 2 ; PϽ0.01), 11 whereas the plasma cholesterol concentration increased only slightly after NX (13.1Ϯ0.5 versus 11.3Ϯ0.4 mmol/L; PϽ0.05). In a parallel study, the total aortic plaque area fraction as determined by digital image analysis of the intimal surface of the aorta from the heart to the iliac arteries was larger in NX (3.9Ϯ0.5%) than in sham apoE Ϫ/Ϫ mice (0.4Ϯ0.1%, PϽ0.0001) when examined 12 weeks after surgery. 11 To examine the gene expression profiles in aortas, we hybridized 3 pools of aortic cRNA (each made with RNA from 3 mouse aortas) from NX mice and 3 pools from sham mice to high-density oligonucleotide microarrays. Twelve genes showed increased (Ͼ1.5-fold and an absolute change in expression of Ն50 U with PϽ0.05) and 12 genes showed decreased expression in NX compared with sham mice (Table  I , available online at http://atvb.ahajournals.org). The biological functions of the differentially expressed genes were predominantly assigned to muscle structure and development, inflammation, extracellular matrix remodeling, or metabolism. The most prominent changes were 3.3-to 142-fold downregulations of transcripts assigned to muscle structure and development, eg, parvalbumin, myosin, and ␣-actin encoding genes. Transcripts involved in inflammation were all upregulated (1.8-to 8.7-fold) and included osteopontin, matrix metalloproteinase(MMP)-3 and -12, VCAM-1, and serum amyloid A. The changes were verified by real-time polymerase chain reaction (PCR) quantification of 8 selected genes (Figure 1 ).
The effect of NX on gene expression in the aorta was also assessed in normocholesterolemic wild-type mice. Twelve weeks after NX or sham operation, the plasma urea concentration was 22.7Ϯ1.5 versus 10.6Ϯ0.8 mmol/L in NX as compared with sham wild-type mice (PϽ0.0001), whereas the plasma calcium ϫ phosphate product (5.05Ϯ0.13 versus 5.08Ϯ0.19 mmol/L 2 ) and the cholesterol concentration (2.4Ϯ0.1 versus 2.3Ϯ0.1 mmol/L) did not differ between the 2 groups. No arterial lesions were seen in the aortas of these mice. There were no significant differences in the expression levels of transcripts assigned to inflammation (osteopontin and MMP-12) or muscle cell biology (myosin, ␣-actin, and troponin) in NX compared with sham aortas from the wildtype mice ( Figure 2 ).
Aortic Gene Expression in Classical Atherosclerosis
To assess to what extent the observed changes in aortic gene expression in NX apoE Ϫ/Ϫ mice reflected more advanced atherosclerosis than in sham apoE Ϫ/Ϫ mice or uremia-specific effects, we examined RNA from lesioned and nonlesioned areas of aortas from nonuremic apoE Ϫ/Ϫ mice with classical atherosclerosis. The plaque area fraction was Ϸ30% in the lesioned areas versus Ϸ0% in the nonlesioned areas; 12 both lesioned and nonlesioned segments were isolated from the aortic arch, the thoracic aorta, and the abdominal aorta. On real-time PCR, the expression of osteopontin, MMP-12, and glycoprotein 49A mRNAs were markedly increased in lesioned compared with nonlesioned areas. The increases were more pronounced in lesioned versus nonlesioned areas of aortas with classical atherosclerosis than in NX versus sham apoE Ϫ/Ϫ aortas 12 weeks after surgery (15-fold versus 8.7fold for osteopontin, 28-fold versus 2.8-fold for MMP-12, and 62-fold versus 2.3-fold for glycoprotein 49A) ( Figure 2 ). Nevertheless, the expression of the mRNAs for ␣-actin, myosin, and troponin was reduced to a similar or lesser extent (and not statistically significantly) in lesioned versus nonlesioned areas of aortas from apoE Ϫ/Ϫ mice with classical atherosclerosis than in NX versus sham apoE Ϫ/Ϫ mouse aortas. 
Aortic Gene Expression 2 Weeks After 5/6 Nephrectomy
We assessed changes in gene expression that preceded the development of atherosclerosis in NX apoE Ϫ/Ϫ mice. Two weeks after surgery the NX apoE Ϫ/Ϫ aortas showed no lesions. 11 There was no difference in the expression of the 9 transcripts assigned to muscle cell biology that were downregulated after 12 weeks of uremia ( Figure 2 ). After 2 weeks, 37 genes showed increased (Ͼ1.5-fold) and 4 genes showed decreased expression in NX compared with sham apoE Ϫ/Ϫ mice (Table II , available online at http://atvb.ahajournals.org). The differentially expressed genes were assigned to inflammation, signal transduction, cell differentiation and growth, extracellular matrix remodeling, metabolism, or transporter activity. Two of the genes involved in inflammation (MMP-3 and glycoprotein 49A) were upregulated both after 2 and 12 weeks (Table II; Figure 2 ). Although 16 of the genes that showed increased expression after 2 weeks are involved in immunoglobulin production (Table II) , we did not see IgG or B-lymphocyte accumulation in the arterial wall on immunostaining of nonlesioned NX apoE Ϫ/Ϫ aortas (data not shown). (The antibody used for staining of B-cells in aortic sections (CD22,2, catalog no. 553382; Pharmingen, San Diego, Calif) worked well on the positive controls (mouse spleen tissue). 8 However, because the number of B-cells in mouse aortas is usually very low, the negative finding may simply be a problem of detection.)
Expression of Osteopontin and ␣-Actin Protein in 5/6 Nephrectomized Mouse Aortas
Osteopontin constituted the most markedly upregulated transcript in NX versus sham apoE Ϫ/Ϫ mouse aortas 12 weeks after surgery (Table I ). In 12-week NX apoE Ϫ/Ϫ aortas, osteopontin protein staining was predominantly associated with macrophages in intimal lesions (Figure 3A ). Osteopontin protein was also detected in and around the medial smooth muscle cells underneath the intimal lesions.
Twelve-week NX apoE Ϫ/Ϫ mouse aortas displayed loss of ␣-actin protein staining underneath intimal lesions ( Figure  3B ), whereas the medial staining pattern in nonlesioned parts All indicated genes displayed statistically significant changes in expression (PϽ0.05) in NX versus sham apoE Ϫ/Ϫ mice after 12 weeks, whereas the expression levels of all genes were similar in NX versus sham apoE Ϫ/Ϫ mice after 2 weeks and in NX versus sham wildtype mice after 12 weeks. In lesioned versus nonlesioned areas of aortas from mice with classical atherosclerosis the expression levels of osteopontin, MMP-12, and glycoprotein 49A genes were significantly higher in the lesioned areas, whereas the changes in SLPI, MMP-3, actin, myosin, and troponin gene expression were not statistically significant. SPLI, secretory leukocyte protease inhibitor. of the aortic wall could not be distinguished from that in sham apoE Ϫ/Ϫ mice (data not shown). Elastin staining showed disruption and loss of organization of the elastic laminae underneath the intimal lesions as compared with the media underneath nonlesioned intima in NX and sham apoE Ϫ/Ϫ mice ( Figure 3C ).
Ultrastructure of Aortic Media in 5/6 Nephrectomized Mice With Advanced Atherosclerosis
To further evaluate the structural characteristics of the media in NX apoE Ϫ/Ϫ mice, we examined proximal aortas from 3 NX and 3 sham apoE Ϫ/Ϫ mice with advanced atherosclerosis (37 weeks after NX) with electron microscopy (Figure 4 ). The intimal lesions in NX and sham apoE Ϫ/Ϫ aortas both contained cholesterol crystals and lipid-filled macrophages ( Figure 4A and 4B) . However, the ultrastructure of the media was different in the NX compared with the sham apoE Ϫ/Ϫ mice, both underneath nonlesioned and lesioned intima. In the nonlesioned areas, the media of NX apoE Ϫ/Ϫ aortas was characterized by fewer smooth muscle cells and more intercellular matrix than seen in sham apoE Ϫ/Ϫ aortas. Also, in NX apoE Ϫ/Ϫ mice more of the smooth muscle cells appeared irregularly shaped and/or vacuolized in comparison with the smooth muscle cells in media under nonlesioned intima in the apoE Ϫ/Ϫ sham mice ( Figure 4E and 4C) . The media underneath intimal lesions of NX apoE Ϫ/Ϫ mice was characterized by extensive smooth muscle cell vacuolization and scattered necrosis ( Figure 4F and 4G) . Many of the smooth muscle cells in NX apoE Ϫ/Ϫ mice appeared slender with large projections ( Figure 4H ). Accordingly, the amount of intercellular substance appeared markedly increased. These changes in media underneath intimal lesions were all more pronounced in NX than in sham apoE Ϫ/Ϫ mice. Of note, we did not see calcifications in the media or intimal lesions on inspections of Ͼ80 aortic sections with the electron microscope.
Discussion
In this study, we compared gene and protein expression and ultrastructural characteristics of the aortas in NX and sham apoE Ϫ/Ϫ mice to gain new insight into putative uremiaspecific effects on the arterial wall during development of atherosclerosis.
Despite a Ϸ10-fold larger atherosclerotic lesion area in NX compared with sham apoE Ϫ/Ϫ mice 12 weeks after surgery, 11 only 24 of 12 000 examined probe sets displayed Ͼ1.5-fold changes in expression level between NX and sham apoE Ϫ/Ϫ mouse aortas. A priori, it could be suspected that some of the observed changes simply would result from multiple comparisons. However, several of the genes displaying differential expression are implicated in atherosclerosis (eg, osteopontin, MMP-3, MMP-12, VCAM-1, serum amyloid A). 11,13-15 Also, for 8 selected genes the changes in transcript expression were verified by real-time PCR analysis. Because the NX apoE Ϫ/Ϫ mice contained more foam cell lesions than sham apoE Ϫ/Ϫ mice after 12 weeks, it was not surprising to see an upregulation of genes that are expressed by macrophages in atherosclerotic lesions. However, it was surprising that 9 of 24 differentially expressed genes could be assigned to muscle cell function and that all displayed markedly decreased expression.
In contrast to the finding in the hypercholesterolemic apoE Ϫ/Ϫ mice, the aortic expression of smooth muscle cell genes did not differ between NX and sham normocholesterolemic mice. This finding may reflect that hypercholesterolemia is required to change smooth muscle cell gene expression in uremic mouse aortas and raises the possibility that the changes in smooth muscle cell biology may be associated with the accelerated intimal lesion formation. Classical atherosclerosis in nonuremic apoE Ϫ/Ϫ mice is accompanied by expansive remodeling of the media with disruption of elastic laminae and thinning of the smooth muscle cell layer. 16 The medial changes appear to become progressively pronounced with increasing growth of the intimal lesion 16 and have been associated with MMP actions. 17, 18 However, the Ն3.3-fold downregulation of expression of smooth muscle cell assigned genes (corresponding to Ն70% reductions) suggests that NX in apoE Ϫ/Ϫ mice affects smooth muscle cells at all sites of the arterial wall and not only beneath the lesions because only 3.9% of the aortic surface area contained lesions. 11 To expand this idea, we compared the expression of both macrophage assigned and muscle cell assigned genes in lesioned and nonlesioned areas of the aortas in apoE Ϫ/Ϫ mice with classical atherosclerosis. Of note, in the lesioned areas Ϸ30% was lesion-covered, and the lesions were more advanced than those in the 12-week NX apoE Ϫ/Ϫ mice. 11 Accordingly, macrophage assigned genes displayed more pronounced increases in expression in lesioned versus nonlesioned areas of the aortas from apoE Ϫ/Ϫ mice with classical atherosclerosis than in the NX versus sham apoE Ϫ/Ϫ aortas after 12 weeks. In contrast, the downregulation of muscle cell assigned genes was similar or more pronounced in the NX versus sham apoE Ϫ/Ϫ aortas as compared with lesioned versus nonlesioned areas of nonuremic apoE Ϫ/Ϫ mouse aortas. These observations imply a uremia-specific affection of the arterial media that exceeds the affection of the media that occurs in association with classical atherosclerotic lesions. We cannot, however, conclude whether the changes in gene expression at 12 weeks cause subsequent loss of smooth muscle cells or reflect early smooth muscle cell affection by uremia that precedes the extensive damage seen at 37 weeks after NX.
Immunostaining of one of the downregulated gene products, ie, ␣-actin, revealed a consistent loss of ␣-actin beneath the early intimal lesions of NX apoE Ϫ/Ϫ mice. Also, elastin staining revealed disruption of elastic membranes underneath intimal lesions in NX apoE Ϫ/Ϫ mice. In this respect the development of intimal lesions is accompanied by changes in the media that are similar to those seen in classical atherosclerosis. 16 Electron microscopy of the media underneath lesioned intima showed alterations of the smooth muscle cell morphology both in NX and sham apoE Ϫ/Ϫ mice. Although the severely distorted smooth muscle cells in NX aortas could reflect advanced/extensive lesions, the electron microscopy of aortic media underneath nonlesioned intima in NX apoE Ϫ/Ϫ mice also revealed fewer smooth muscle cells with more of the cells characterized by irregular shaping and vacuolization compared with those in sham apoE Ϫ/Ϫ mice. The latter observations at 37 weeks agree with the results of the gene expression analysis at 12 weeks and support the notion that uremia affects the smooth muscle cells in the aortic media. Also, the morphological alterations in the media are similar to those described by Ejerblad et al 19 in radial arteries from uremic patients. It is unknown whether the medial affection may contribute to formation of atherosclerotic lesions in NX apoE Ϫ/Ϫ mice or whether they reflect an independent effect. A multitude of interventions that affect the arterial smooth muscle cell layer, eg, mechanical injury, 20 pharmacological manipulation of the renin-angiotensin system, 21 and genetic manipulation of smooth muscle cell genes 22 interferes with formation of intimal atherosclerotic lesions. This illustrates that alterations in the biology of the media can precipitate the formation of intimal lesions. Ejerblad et al 23, 24 observed changes in the aortic media of NX rats without concomitant intimal lesions. Nevertheless, we did not observe changes in muscle cell biology related genes in NX wild-type mice. This may reflect that hypercholesterolemia is an important cofactor for the medial affection in NX ApoE Ϫ/Ϫ mice. Indeed, NX confers increased plasma cholesterol in rats. 24 It is also possible that other metabolic disturbances, eg, abnormalities in calcium and phosphate metabolism, may play a role. NX apoE Ϫ/Ϫ mice 11 and NX rats 24 display increased plasma calciumϫphosphate products, whereas the calciumϫphosphate product was not increased by NX in the C57Bl/6J wild-type mice in the present study.
In humans, uremia is accompanied by vascular calcifications and calcification of atherosclerotic lesions occurs in apoE Ϫ/Ϫ mice between 45 and 75 weeks of age 25 . Interestingly, although the male NX apoE Ϫ/Ϫ mouse model has increased plasma calcium ϫ phosphate product, 11 we did not see signs of accelerated calcification in the medial or intimal lesions. This is in accordance with previous studies from our group 8, 11 and Buzello et al. 9 Nevertheless, a recent study by Massy et al 10 showed accentuated calcium deposition both in the intima and media of apoE Ϫ/Ϫ mice as early as 8 weeks after NX. A putative explanation may be a higher vitamin D 3 content and calcium to phosphate ratio in the mouse diet used by the latter group, or perhaps the inclusion of female mice in their study, since Massy et al 10 found that female mice had faster progression of vascular calcification than their male counterparts. Radial artery specimen from uremic patients display medial calcium deposits in and around extracellular vesicles. 19 Although we could see similar vesicular structures in the media on electron microscopy of aortas from apoE Ϫ/Ϫ mice 37 weeks after NX, we did not see any calcium deposition. The cause of the lack of calcifications in the male NX apoE Ϫ/Ϫ mice is not clear. It may be related to the marked upregulation of osteopontin which was seen both within the intimal lesions and in the media underneath the lesions. Osteopontin is believed to inhibit mineralization in bone 26 and vascular tissue. 27 Accordingly, excessive vascular calcifications develop in osteopontin-deficient male apoE Ϫ/Ϫ mice. 28 Gene expression analysis of aortas 2 weeks after NX in apoE Ϫ/Ϫ mice revealed that the changes in expression of muscle cell assigned genes had not occurred after 2 weeks. The plasma urea concentration is elevated and remains stable from 2 to 22 weeks after NX. 8 Thus, the media affection probably does not result from acute gene regulation by putative uremic toxins or inflammatory mediators, but rather is a progressive chronic process, perhaps reflecting continuous deposition of uremic metabolites in the arterial media, eg, advanced glycation end products or oxidized low density lipoprotein. Nevertheless, after 2 weeks the expression of several genes related to inflammation was upregulated in the NX apoE Ϫ/Ϫ aortas. This observation is in close accordance with a recent finding that upregulation of ICAM-1 precedes the development of uremic atherosclerosis. 11 Of note, after 2 weeks ICAM-1 was increased 1.5-fold in the microarray analysis, which is in agreement with our previous report. 11 It was striking that 16 of the 41 differentially expressed genes after 2 weeks were related to production of immunoglobulins (all were increased). Although we did not see any B-lymphocytes in sections of nonlesioned NX aortas, the result could reflect that uremia is accompanied by a humoral immune response. If this hypothesis is true, it will be of interest to assess the immune response against putative antigens induced by NX, eg, proteins modified by advanced glycation end products and oxidized low density lipoprotein. Both modifications may be immunogenic and multiple studies have shown that autoantibody formation against oxidized low density lipoprotein affects development of atherosclerosis. 29 In conclusion, the present study have provided novel insight into the molecular pathology of uremic atherosclerosis and implies that uremia in apoE Ϫ/Ϫ mice, in addition to markedly accelerating the formation of intimal lesions resembling classical atherosclerosis, also has pronounced specific effects on the arterial media smooth muscle cells.
